ABSTRACT: An understanding of the effects of intraspecific variation in offspring size is important from both an ecological and an evolutionary perspective. While the relationship between offspring size and overall offspring performance is key, most studies are restricted to examination of the effects of offspring size on early life-history stages only, and too few have examined the effects of offspring size throughout the life history. Here, we examine the effects of offspring size on postmetamorphic survival, growth, and fecundity under field conditions for the polychaete Janua sp. Larger offspring became larger adults and had higher levels of fecundity than those from smaller offspring, though the effect on fecundity was weaker and more variable over different experimental runs. Adults derived from larger larvae had shorter lifespans than adults derived from smaller larvae. Our results suggest that the maternal effect of offspring size can influence the frequently observed trade-off between longevity and fecundity. Future studies should seek to measure the effects of offspring size over as much of the life history as possible in order to avoid misestimating the relationship between offspring size and fitness.
INTRODUCTION
Evolutionary ecologists have long sought to understand the causes and consequences of variation in offspring size in marine organisms (Thorson 1936 , Laptikhovsky 2006 , Marshall & Morgan 2011 . Among species, there is a remarkable degree of variation in offspring size (Emlet et al. 1987 ), but offspring size variation within species is of more interest from both an evolutionary and an ecological perspective (Bernardo 1996) . Evolutionarily, selection acts upon within-population variation in offspring size (Sprenger et al. 2010) . Ecologically, variation in offspring size within and among populations will affect population dynamics (Benton et al. 2005) . While offspring size affects the fitness of both mothers and offspring, theory predicts that selection will act to maximize maternal fitness (Vance 1973 , Smith & Fretwell 1974 . Thus, mothers with limited resources for reproduction (whether that be energy, brood space, or time to provision) must produce either many small offspring or fewer but larger offspring. Generally, it is thought that larger offspring perform better than smaller offspring, and so the maternal fecundity costs associated with producing larger offspring should be offset by each offspring performing better (Marshall & Keough 2007) . The specific offspring size that maximizes maternal fitness, however, will depend strongly on the relationship between offspring size and offspring fitness (Bernardo 1996) , and estimates of this relationship, particularly in the field, remain rare.
Over the past 30 yr, numerous empirical observations of the effects of offspring size on offspring performance have accumulated (Clutton-Brock 1991 , Fox & Czesak 2000 , McCormick 2006 , Marshall & Keough 2007 , but very few studies directly examine the relationship between offspring size and close proxies of fitness under field conditions. This dearth of studies may reflect the difficulty associated with collecting measures of performance that are likely to scale well with fitness in the field. Thus, most of the studies on the effects of offspring size either gather good measures of fitness but are restricted to the laboratory, or are done in the field but are restricted to earlier lifehistory stages (Marshall & Keough 2007) . Both approaches have limitations. Several studies have shown that the offspring size-fitness relationship is strongly affected by the environment, and unless laboratory conditions adequately replicate field conditions (Fox 2000 , Monro et al. 2010 , laboratory approaches risk misestimating the offspring sizefitness relationship. Similarly, field studies that are restricted to early performance measures alone may over-or underestimate the effect of offspring size on offspring performance. Studies indicate that offspring size effects can both intensify or lessen over ontogeny, and so both scenarios seem plausible (Lindholm et al. 2006 , Marshall & Keough 2009 . A more reliable estimate of the effects of offspring size on fitness overall is to determine the effect of offspring size on lifetime reproductive success, but such studies are exceedingly rare.
While the effects of offspring size on offspring performance have been estimated in many species, very few estimate the effects of offspring size on fecundity. As such, our ability to generalize about the effects of offspring size on fitness remains limited. The lack of studies estimating the offspring size-fitness relationship makes it difficult to predict whether variation in offspring size has lasting, multi-generational effects (Marshall et al. 2003 , Benton et al. 2005 , or only transient impacts of no consequence (Lindholm et al. 2006) . Such predictions have important consequences for estimating the importance of maternal effects and managing exploited species (Berkeley et al. 2004 . Overall then, more measures of the relationship between offspring size and offspring fecundity are needed. In the present study, we estimate the relationship between offspring size and subsequent survival, and between survival and reproduction under field conditions in the spirorbid tube worm Janua sp. We performed multiple runs to determine the spatial and temporal consistency of offspring size effects.
MATERIALS AND METHODS

Study location and species
The study was done during the austral winter of 2010 at Manly Boat Harbor (Brisbane, Australia; 27.467°S, 153.183°E). The harbor is sheltered by a breakwater and consists of floating docks. The subtidal fouling community comprises > 30 sessile marine invertebrate species, including colonial and solitary ascidians, bryozoans, tubiculous polychaetes, barnacles, and sponges.
Spirorbids are a clade of small, filter-feeding polychaetes, all of which brood their embryos in a variety of brooding modes. The focal species of the present study (presumably Janua pagenstecheri or J. neodexiospira) broods in an opercular brood chamber. As worms become sexually mature, the opercular tentacle grows into a chamber in which eggs are deposited. Approximately 5 d after eggs have been deposited, the brood chamber opens at its base and larvae are released. Spawning can be encouraged by maintaining brooding adults in constant darkness for 24 h before exposing them to bright light. Larvae are competent to settle upon release, and in our study, the majority of larvae settled within 20 min in the laboratory.
Collecting animals, measuring offspring size, and larval settlement Adult spirorbids were collected from the harbor on acetate sheets attached to PVC backing plates (400 mm × 400 mm × 12 mm) suspended ~1 m below the surface. After 5 wk, sheets were returned to the laboratory and individuals with mature embryos were detached from the sheets and each placed in their own well in a 24-well tissue culture plate with 2 ml filtered seawater (FSW).
On the following day, these worms spawned and offspring were collected and their size measured. Individual larvae were collected with a pipette and each put in a drop of 1 µl FSW in an observation chamber. Observation chambers were made of a microscope slide and a large glass cover slip spaced away from the slide with a strip of plastic on either side just so much as to restrict larval movement to a 2-dimensional plane, thereby guaranteeing that larvae were always positioned with their dorsal side facing upwards. Microscope slides and cover slips as well as pipette tips were coated in Sigmacote ® (SL2, Sigma-Aldrich). Digital photographs were made of the larvae under an Olympus CX41 dark-field microscope at a 10-fold magnification with a TUCSEN ix90 digital camera (Tucsen Imaging Technology). Larvae were held in observation chambers for no longer than 5 min, but can survive in them for longer than 12 h (H. Kesselring pers. obs.). Larval size was measured as area using the free software ImageJ 1.42q for PC (available at http://rsb.info.nih.gov/ij). Area is presumably a good measure of size, as larval depth is unlikely to negatively covary with larval area. Once photographed, larvae were put into a large drop of FSW in a Petri dish and allowed to settle for 4 h. Young settlers were then deployed at the harbor on the same evening. We measured a total of 863 larvae collected from > 50 different mothers, with a range of offspring sizes collected from each mother. We conducted 6 different experimental runs across a period of several months, and each run was deployed into a different location in the field.
Measuring growth and fecundity
After 2 wk, our focal worms were retrieved from the field and their size measured, again by taking a digital photograph under a dissecting microscope and measuring the area of the worm. At this stage the worms had not started to grow away from the substrate as older worms frequently do, and so their 2-dimensional area as viewed from above was a good measure of overall size.
After another 2 wk in the field, the worms began to reproduce. At this time, focal individuals already experienced intense competition from other sessile organisms such as ascidians, bryozoans, and sponges. To estimate reproduction, we returned the worms to the laboratory for spawning. Therefore, each worm was detached from its Petri dish and put into a new Petri dish with 4 ml FSW that was fitted with a circle of sheeting on which larvae could settle. On the next day, worms had spawned and we were able to estimate fecundity by counting the number of larvae that were released and that had settled. The focal adults were then glued back to their original Petri dish using 1 µl superglue, a procedure that all individuals survived. After a further 20 d in the field, we again brought in the focal worms to measure fecundity at a later stage in their lives. Based on brooding periods and observation, we suspect that the worms produced some offspring in between sampling periods, but no worms reproduced after the second sampling period, as all worms died of parasitic infections afterwards (the rest of the population at our site, i.e. non-experimental individuals, suffered similarly high rates of mortality and parasitic infection). Thus, our estimates of reproduction do not represent lifetime fecundity (the ideal for studies of offspring size), but instead give 2 snapshot estimates. These 2 estimates were correlated with each other (regression: R 2 = 0.25, n = 44, p = 0.056), suggesting that there was no trade-off between early and late reproduction, and that our measures probably reflect lifetime reproductive output. Because the estimation of individual growth and reproduction was time-consuming and had to be done in the laboratory, we could not measure these parameters in all of our study individuals while minimizing the time that they spent out of the field. We therefore measured per formance in only a randomly selected subsample of the experimental population. We measured growth of a subsample of 624 randomly selected juveniles, fecundity at first reproduction of a randomly selected subsample of 118 individuals, and fecundity of all the individuals that survived to the last round of reproduction (44 individuals). These 44 individuals came from 30 different mothers.
Statistical analysis
Analyses on size and reproduction were done with the general linear model function in Systat (version 12), where Larval size was a continuous variable and Run was a categorical random effect (i.e. analysis of covariance [ANCOVA]). We were unable to include Run in the model for the analysis of fecundity at the last reproduction because covariate ranges differed among runs (Quinn & Keough 2002) .
Very few (< 5%) individuals died during the first 4 wk in the field, but > 60% died between the first round of reproduction and the last round of reproduction. We therefore estimated the effect of larval size on survival between rounds of reproduction with logistic ANCOVA.
RESULTS
Larval size variation
The overall mean size of all measured larvae was 0.016 mm². The average coefficient of variation in larval size was 7.9% within broods and 11.9% among broods from different mothers.
Effects of larval size on growth
Larval size was a good predictor of juvenile size: every 0.001 mm 2 increase in larval size was predicted to increase juvenile size by ~0.029 mm 2 after 2 wk in the field (Table 1 ; linear regression equation: Juvenile size = 29.32 × Larval size − 0.012). The relationship between larval size and juvenile size varied significantly among runs, but the relationship be tween offspring size and juvenile size remained positive for all runs (Fig. 1) .
Effects of larval size on fecundity
Our analyses indicated that the effect of larval size on fecundity at the first reproduction varied among experimental runs (Run × Larval size interaction: F 5,106 = 2.11, p = 0.07). In Runs 1, 3, and 6, there was a significantly positive relationship between larval size and fecundity (F 1, 47 = 7.44, p = 0.009; Fig. 2 ), but in Runs 2, 4, and 5, there was no significant relationship (F 1, 63 = 0.346, p = 0.559). For those individuals that survived to reproduce again, fecundity was greater than in the first round of reproduction (paired t-test: t 43 = 3.71, p = 0.001). Fecundity at the last reproduction was also affected by larval size, with larger individuals producing more offspring than smaller individuals (R 2 = 0.103, F 1, 43 = 4.92, p = 0.032; Fig. 3 
Effects of larval size on survival
Survival between rounds of reproduction was negatively affected by larval size: those individuals that were larger as larvae were more likely to die between reproductive bouts than those individuals that were smaller as larvae (logit equation: Probability of surviving = −278 × larval size + 2.402; χ 2 = 6.48, df = 1, p = 0.011). Individuals that started life 0.001 mm 2 larger than the mean larval size werẽ 30% more likely to die between reproductive bouts.
DISCUSSION
The effects of larval size on the post-metamorphic performance of Janua sp. varied across experimental runs, and across the life history within runs. Generally, individuals that were larger as larvae grew to a larger size after 2 wk in the field and sometimes had higher levels of fecundity, but surprisingly these individuals were also more likely to die in the period between the first round of reproduction and the last.
Our observation of variable effects among experimental runs is in keeping with most offspring size studies that replicate in time and space (Moran & Emlet 2001 , Marshall & Keough 2008 . Increasingly, it seems that the offspring size-performance relationship is strongly affected by the local environment, and variability in the offspring size-performance relationship is the rule rather than the exception (Johnston & Leggett 2002 , Heath et al. 2003 . This inconsistency in the offspring size-performance relationship may explain why some mothers produce smaller offspring despite these offspring often having lower performance. If on occasion there is no benefit of producing larger offspring (as indicated by the present study), mothers that produce smaller offspring will received the same per-offspring fitness return while also maximizing the number of larvae that they produce (Smith & Fretwell 1974) . This variability in the offspring size-performance relationship may also result in selection for mothers that produce a range of offspring sizes within a clutch (i.e. diversified bet-hedging; Our most qualitatively consistent finding was that larger larvae became much larger adults after 2 wk in the field relative to smaller larvae. The mechanism underlying the effect of larval size on juvenile size is unknown, but it could be that larger larvae result in larger settlers with larger feeding structures (Kosman & Pernet 2011). Small, initial differences in the size of feeding structures can result in very different growth rates in colonial species (Wendt 1996 (Wendt , 1998 ), but we are unaware of similar effects being reported in solitary species such as Janua sp. From an ecological perspective, regardless of the cause of the effect, it appears that variation in initial larval size will result in variation in the size of individuals after 2 wk in the field. Increasingly, it appears that variation in the quality of settlers can be substantial and that this can affect the subsequent performance of recruits (Phillips 2002 , Phillips & Gaines 2002 . The effects of larval size on reproduction were both weaker and qualitatively less consistent than the effects of larval size on growth. This decrease in the strength of the effect could be driven by a number of (non-mutually exclusive) factors. First, laboratory studies have demonstrated that maternal effects (of which offspring size effects are a subset) can decrease over time due to an increase in the influence of extrinsic, environmental factors or intrinsic 'compensatory growth effects' (Falconer 1981 , Lindholm et al. 2006 . It has been proposed that compensatory growth effects are more likely to be observed in the benign conditions of the laboratory . Indeed, offspring size effects can be remarkably persistent under more realistic, harsher conditions (Plaistow et al. 2006 ) and can sometimes even strengthen over time in the field . Interestingly, of those studies that find persistent effects of offspring size over time (Marshall et al. 2003 , Rius et al. 2010 , most are on species that are intermediate-to-strong competitors (but see Jacobs & Sherrard 2010) . In contrast, Janua sp. is an early colonist and poor competitor in our community -all of our experimental individuals had died after 6 wk in the field (more generally, very few naturally settled individuals survive beyond 2 mo in the field; D. J. Marshall unpubl. data). It may be that offspring size effects are more persistent in more competitive species because they are better able to overcome environmental swamping effects from other species, but this prediction requires testing. Alternatively, the less consistent effects of offspring size on reproduction in our study could be driven by a simple lack of statistical power -by the last census period, <10% of the focal individuals remained. Nevertheless, fecundity in the final reproductive bout was positively correlated with initial larval size, suggesting that offspring size effects have the potential at least to persist in this species.
In contrast to the positive effects of offspring size on growth and reproduction, we found that larval size negatively affected survival between reproductive bouts -individuals from larger larvae were more likely to die than individuals from smaller larvae. Other studies have found negative effects of offspring size on offspring performance (Kaplan 1992 , Marshall et al. 2002 , Marshall & Keough 2004 , Dibattista et al. 2007 ), but such findings seem to be in the minority. The negative effect of offspring size on survival is difficult to explain. It could be that larval size affects subsequent survival negatively due to indirect effects whereby increased larval size is associated with some other trait that is directly linked to mortality. For example, larger larvae become larger juveniles and they may have higher resource requirements (e.g. food or oxygen) than smaller juveniles -as time goes on, larger juveniles may become more susceptible to competition for these resources and therefore suffer higher levels of mortality. Alternatively, because larger larvae are more likely to be more fecund as adults, the costs of increased reproduction could result in higher rates of mortality. A direct mortality cost associated with higher fecundity or size does not seem likely, however, as further data analysis indicated that there was no direct relationship between fecundity and probability of death; rather, both were related to larval size. Studies in other systems suggest that some individuals express a 'live fast, die young' phenotype such that offspring size affects this trade-off in an indirect way (Robinson et al. 2006 , and it could be that offspring size plays a role in the expression of such a phenotype. Certainly in other systems, individual quality effects (here, offspring size) can influence the trade-off between longevity and reproduction (Weladji et al. 2008 ), but we are unaware of any other studies drawing a link between offspring size and the longevity-fecundity trade-off. Alternatively, genetic effects could be driving the pattern: a recent study found that in an internally fertilizing ascidian (i.e. an organism with a similar mode of reproduction to our study species), paternity affects larval size (Hammerschmidt et al. 2011 ) -it could be that in Janua sp., larval size also reflects paternity. If so, then genes that result in larger larvae could cause higher rates of mortality after initial reproduction . Clearly, the effects of larval size on post-metamorphic performance are more complex than a simple presence of a positive effect versus the absence of a positive effect. The relationship between offspring size and fitness is not simply asymptotic in this species; rather, it is likely to be bell-shaped whereby both the smallest and largest offspring have the lowest fitness due to lower fecundity and lower survival respectively. When such a relationship occurs, theory predicts that mothers should produce a range of offspring sizes to cope with environmental uncertainty , and we certainly observed high levels of offspring size variation both within and among broods of offspring.
Regardless of the cause of the negative effects of larval size on survival, from a maternal provisioning perspective, the relative benefits of producing larger offspring will strongly depend on the probability and timing of mortality (McGinley et al. 1987) . If conditions result in offspring being likely to survive past the first round of reproduction, then selection should favor smaller offspring because smaller offspring are more likely to reproduce multiple times (albeit with lower fecundity in any one round). Alternatively, if conditions are such that survival beyond the first round of reproduction is extremely unlikely, then selection should favor mothers that produce larger offspring, because larger offspring are more likely to have the greatest fecundity in the first reproductive bout alone. Overall, our findings suggest that a focus on one early performance metric alone (e.g. 
